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Cel~ular lipid metabolism can provide a variety of mediators 
of signal transduction, including diacylglycerols and inositol 
ph.osphates. These factors may be involved in the control of 
epidermal differentiation and proliferation because they are 
tnodulated by extracellular calcium, which also regulates the 
tnaturation phenotype of cultured keratinocytes. The effect 
of non-cytotoxic exposures to ultraviolet light on lipid me-
t~bolism was studied in cultured murine keratinocytes. Ultra-
Violet treatment of cultured murine keratinocytes growing in 
0.05 mM Ca++ did not significantly change the total amount 
of [3H]inositol phosphates at 0.5, 8, or 24 h post-irradiation. 
Irradiated cells responded to an increase from 0.05 mM Ca++ 
to 1.4 mM Ca++ medium with increased formation of inosi-
~ol p.hosphates suggesting irradiation did not alter the normal 
Inositol lipid turnover in response to the Ca++ signal for 
terminal differentiation. Irradiation (20-120 11m2 ofUVB) 
induced a dose-dependent increase in the cellular level of 
diacylglycerols as measured at 24 h post-irradiation, without 
changing the turnover of other phospholipids including 
phosphatidylcholine and phosphatidylethanolamine. The 
increased cellular levels of diacylglycerols following ultravio-
let exposure were accompanied by changes in the activity of 
diacylglycerol kinase (DAG-kinase). The cytosolic DAG-
kinase activity was decreased whereas the DAG-kinase activ-
ity in the membrane fraction was increased. These results 
suggest that ultraviolet irradiation increases the level of diac-
ylglycerols via changes in de novo metabolism through a 
DAG-kinase pathway. Elevated diacylglycerol may influ-
ence signal-transduction pathways mediated by cellular 
lipids and contribute to some keratinocyte responses to ultra-
violet light.] Invest Dermatol99:221-226, 1992 
---------------------------------------------------------------------------------------------------------
L ong-term exposure to ultraviolet (UV) irradiation re-sults in increased risk of cutaneous malignancies .. Ul~ra­violet irradiation is a complete carcinogen, contnbutmg to both initiation and promotion stages of carcinogene-sis. Tumor initiation by UV irradiation is likely to be 
related to the direct effects of UV on DNA, but the biochemical 
;ec.hanisms underlying the tumor-promoting effects of UV irra-
latlon have not been well characterized [1,2]. In skin, the inflam-
lllatory reaction induced by UVB irradiation is associated with 
profound changes in membrane lipid metabolism, including consid-
erable rearrangement of membrane fatty acids, breakdown of phos-
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Abbreviations: 
DAG: diacylglycerol 
InsP: inositol phosphate 
MEM: minimum essential medium 
PBS: phosphate-buffered saline 
PC: phosphatidylcholine 
PE: phosphat idyl ethanolamine 
PI + PS: phosphatidylinositol + phosphatidylserine 
PLC: phospholipase C 
TPA: 12-0-tetradecanoylphorbol-13-acetate 
UV: ultraviolet 
pholipids, and increased formation of eicosanoids, proinflammatory 
derivatives of 20-carbon polyunsaturated fatty acids [3 - 7]. The lib-
eration of fatty acids from cellular lipids by UVB irradiation is 
mediated by activation of phospholipase A [4 - 8], whereas UVA 
stimulated breakdown of phosphatidylcholine and arachidonic acid 
release may be mediated by phosphatidylcholine-sJ,Jecific phospho-
lipase C and diacylglycerol lipase enzyme systems [9 -12]. Metabo-
lism of membrane lipids can provide a variety of mediators able to 
modify the biochemical pathways controlling cell proliferation and 
differentiation [13,14]. Phosphatidylinositol-specific phospholi-
pase C generates inositol phosphates, which are involved in the 
regulation of intracellular calcium level, and diacylglycerols, which 
are of importance as endogenous regulators of protein kinase C 
[14 -16]. Earlier studies have shown that Ca++-induced differentia-
tion of mouse keratinocytes is associated with elevated formation of 
inositol phosphates [17 -19], and modification of the phosphatidy-
linositol-protein kinase C system accompanies neoplastic transfor-
mation induced by the ras-oncogene [1,17,20]. 
In this study we have investigated the effects of ultraviolet irra-
diation on the formation of membrane lipid-derived mediators of 
signal transduction in murine keratinocytes in culture. 
MATERIALS AND METHODS 
Chemicals The silica gel thin-layer chromatography plates (alu-
minum) were from Merck, Darmstadt, Germany. Unlabeled phos-
phatidic acid and diacylglycerol standards were from Sigma (St. 
Louis, MO). The radiolabeled [32P]ATP, [3H]choline, [I4C]glyc-
erol, and 3H-inositolphosphates were from NEN-Dupont. The 
[3H]myo-inositol was from Amersham. The assay kit for diacylglyc-
erol quantification was from Lipidex (Westfield, NJ) and Chelex as 
well as the reagents for protein assay were from Bio-Rad (Rich-
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mond, CA). The trypan blue stain and antibiotics used in the cell 
cultures were from Gibco (Grand Island, NY). 
Cell Culture Primary BALB/c mouse keratinocytes were ob-
tained as described by Yuspa et al from 1-3-d old newborn mice 
[21J. Cells were cultured (at 36.5°C in 7% CO2) in Eagle's mini-
mum essential Medium (MEM) (Whittaker; Walkersville, MD) 
supplemented with Earle's balanced salt solution, 8% Chelex-
treated fetal bovine serum (Reheis), 0.05 mM CaCI2, and antibiot-
ics (80 U /ml penicillin, 80,ug/ml streptomycin sulfate, 0.2 ,ug/ml 
amphotericin B). 
UV Exposure Before UV exposure the cells were washed with 
phenol red-free PBS, pH 7.4, and during the time ofUV exposure 
the cells on Falcon plastic tissue culture dishes [22J were in a small 
volume of PBS. The ultraviolet light source consisted of four West-
inghouse FS40 sunlamp bulbs and the cells were irradiated at room 
temperature at the distance of 20 em by placing the dishes above the 
light source [23]. The emission spectrum of this lamp source is 
continuous from 270 to 380 nm with a peak at 313 nm [24J. The 
UV doses were measured through the bottom of the plastic dish 
using an IL 770A photodetector by International Light Co. (New-
buryport, MA). The spectrum transmission characteristics of the 
Falcon Plastic 3002 dish in the UVB range is 0.037% at 270 nm, 
0.8% at 280 nm, 27% at 297 nm, and 50% at 320 nm (not shown). 
For UV A detection the sensor was PT171 C and the filter was 
WB320; for UVB detection the sensor was PT171 D and the filter 
was 4863. When measured at the distance of experimental irradia-
tion, the lamp emitted 14.5 J/m2/second in the UVA range and 5.1 
J/m2/second in the UVB range. Through the plastic dish, the dose 
rate in the UVB range (280-315 nm) was 1.3 J/m2/seconds and 
that in the UVA range (315-400 nm) was 4.2J/m2/second. The 
UV doses are given as doses ofUVB irradiation. The temperature of 
PBS was not affected by the UV exposure. Immediately after the 
UV exposure the PBS was replaced by regular culture medium and, 
at the time points indicated, the samples were analyzed. 
Cell Viability The cell viability was measured by the trypan blue 
exclusion assay at 0.5 and 24 h post-irradiation [25]. Trypan blue 
(final concentration 0.4%) was added to a culture dish and, after an 
incubation of 10 min, the percentage of viable cells was determined 
visually using a phase-contrast microscope. 
Inositol Phosphate Measurement Primary cells were cultured 
on 35-mm dishes for 3 d and then labeled with [3HJmyo-inositol 
(Amersham, specific activity 18.3 Ci/mmol, 10 ,uCi/ dish final 
concentration) for 2 d, and they were exposed to UV irradiation on 
day 5 when they were confluent. For the experiments with 24-h 
time point (post-irradiation), radiolabeled inositol was added into 
the culture medium also after the UV exposure. Before extraction of 
inositol phosphates, the cells were washed twice with 0.05 mM 
Ca++, HEPES-buffered, serum free MEM, pH 7, then incubated in 
1 ml of 30 mM LiCI supplemented MEM for 1 h [17 ,26J. Then the 
culture medium was aspirated and inositol phosphates were ex-
tracted from the keratinocytes with 1 ml of 0.4 M HCI04. The 
extracts were neutralized with 500,ul of 0.72 M KOH, 0.6 M 
KHC03, 5 mM Na-EDTA. The separation of inositol phosphates 
was performed using an anion exchange HPLC (Bioseries SAX, 
DuPont) using a linear ammonium phosphate gradient (0-60% 
1.5 M, pH 4.1). The radioactive inositol phosphate metabolites 
were quantitated by radioactive flow detection (Model FIB, Radio-
matic Instrument Co.). The radiolabeled peaks were identified 
using radiolabeled InsP isomers as standards. Inositol phosphate 
levels were corrected on the basis of protein content of the dish 
analyzed, and the results are presented as percentage values of the 
corresponding control groups. 
Diacylglycerol Quantitation The amount of diacylglycerol 
(DAG) was measured by converting the diacylglycerol into phos-
phatidic acid in the presence of (32PJATP [27J . Briefly, the cells were 
extracted with methanol that was further extracted with chloro-
form : methanol: NaCI and the chloroform phase was dried under 
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nitrogen. Lipids were resuspended in 50 III of chloroform, 25 .ul ?f 
which was dried under nitrogen and used for phosphate analYSIS. 
The remaining 25 III was used for the analysis of diacylglycerol and 
reacted with recombinant Escherichia coli diacylglycerol kinase In 
the presence of [32PJATP (NEN, specific activity 3000 Ci/mmol, 8 
,uCi/sample) to form phosphatidic acid. The reaction mixture was 
then extracted, and the lipids were separated using thin-layer chro-
matography (TLC aluminum sheets, silica gel). The plates were 
developed in chloroform: methanol: acetic acid (65: 15 : 5, by v?l-
ume), and the TLC plates were exposed to iodine vapor to visualize 
the unlabeled phosphatidic acid standard. The radioactivity waS 
measured and quantitated by a TLC scanner. 
Diacylglycerol Kinase Activity Diacylglycerol kinase activity 
was measured by the quantification of the formation of phosphatlJ-
die acid from diacylglycerol in the presence of (32P]ATP [28,29 . 
The cells were first extracted into a buffer containing 25 mM Tns-
HCI (pH 7.4), 0.25 M sucrose, 2.5 mM MgCI2, 2.5 mM EGTA, 
2.0 mM EDTA, 50 mM 2-mercaptoethanol, 100,uM phenoxy-
methylsulfoxide. The cell suspension was lysed with sonication and 
centrifuged at 100,000 Xg for 30 min at 3°C. Diacylglycerol ki-
nase activity was measured from the membrane and cytosol frac-
tions separately in a reaction mixture containing 50 mM Tris/HCI 
(pH 7.4), 10 mM MgCl2 0.5 mM mercaptoethanol, 20 ruM So-
dium fluoride, 1 mM sodium deoxycholate. To the mixture wa1 added 2 mM [32P]ATP (2-10 ,uCi), and 1-3 mM diacylglycero 
was dispersed into the mixture by sonication. The reaction waS 
started by the addition of the test sample (5 ,ug of protein) and the 
incubation was continued for 30 min. Formed radio labeled phoS-
phatidic acid was extracted and separated as previously described 
[17J. 
Release of [lH]Choline The cells were labeled with radiola
d beled choline (1 ,uCi/ml) for 24 h, washed twice with PBS, and 
then irradiated. To measure the amount of [3H]choline release 
from the cells, 100 III samples were taken from the culture medium 
for liquid scintillation counting at the time points indicated. The 
results were corrected for the amount of protein on the culture dish. 
Distribution of [14C)Glycerol in Phospholipids Keratino-
cytes were labeled with (14C]glycerol for 24 h and then exposc:d.tO 
UV irradiation. The distribution of (14C]glycerol in phospholiPldd 
was analyzed at 24 h post-irradiation. The lipids were extracte 
with chloroform and the phospholipids were analyzed using a CWo-. 
dimensional thin-layer chromatography as has been described ear-
lier [6J. 
Protein Assays Protein measurements were done using the Bi~­
Rad Protein Assay (Bio-Rad, CA) based on absorbance of CoornasSle 
Brilliant Blue G-250. 
Statistical Significances The statistical significances we~ 
calculated using Student t test: *, p < 0.05; **, P < 0.01; ***, P 
0.001. The results shown are representative of two to four separate 
experiments with essentially similar results. 
RESULTS 
Keratinocytes were maintained as basal cells in 0.05 mM CaB med 
dium for initial studies on uv exposure. In control cells prelabel~ 
with [3H]myo-inositol and exposed to lithium chloride for 1 h, t .~ 
major inositol phosphates were inositol monophosphate and 111hsl_ tol bisphosphate [17J. Significant amounts of the higher phosP 0 1 
rylated inositol phosphates were also detected [17]. In the contro_ 
experiments, the viability of the cells was more than 95%. As mead 
sured at 24 h after UV irradiation, the cell viability was not affecte t 
by UVB doses up to 120 J / m2, and the cells remained viable even il 
72 h post-irradiation. If the dose was increased to 240 J/m2, ~he c~ _ 
viability was reduced to 80% and 15% by 24 and 72 h post-lr~a~lan 
tion, respectively. When measured at 1,8, or 24 h post_irradlatlo I 
1 · SltO at UVB doses up to 120 J/m2, the basal levels of the tota 1110 m 
phosphates in keratinocytes were not significantly changed frohe the time-matched controls (Fig 1). UV irradiation did not alter t 
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Figure 1. Effects of UVB irradiation on formation of inositol phosphates. 
Murine keratinocytes cultured in 0.05 mM Ca++ medium were prelabeled 
WI:h [3Hlinositol, and then exposed to UVB irradiation. The total amounts 
of Inositol phosphates were measured at the time points indicated according 
to Materials atld Methods. Error bars, SEM of triplicate samples. 
ahounts of individual inositol phosphates (data not shown) . Raising 
~ e ext~acellular calcium from 0.05 rnM to 1.4 rnM stimulated the 
;nnatlOn of inositol phosphates as shown previously (Fig 2) [17]. 
b he UV irradiated cells responded to elevated extracellu~ar calcIUm 
y Increased IP turnover similar to unirradiated cells (Fig 2) . 
When measured after irradiation, the cellular levels of diacylglyc-
brol Were increased in basal keratinocytes. (Fig 3) . This.increase was 
oth dose and time dependent, and was significantly different from 
COntrol at 120 11m2 and 24 h. Diacylglycerol kinase (DAG-kinase) 
IS o~e of the enzymes regulating diacylglycerol metabolisn:, and 
Significant amounts of enzyme activity could be detected both In the 
cytosolic as well as in the membrane fraction of the keratinocytes 
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rigure 2. Effects of elevated extracellular calcium on the formation of 
knositol phosphates in control and UVB exposed keratinocytes. Murine 
p%atlnocytes cultured in 0.05 mM Ca++ medium were prelabeled with 
uVllnosltol for 48 h, washed twice with PBS, and then exposed either to 
c B Irradiation or sham treatment. Then the cells were cultured in medium 
10;taining 0.05 mM calcium, and after 24 h the cells were switched to 
g' ruM calcium for 1 h. Error bars, SEM of triplicate samples. The treatment 
u roups maintained in either 0.05 mM Ca++ or 1.4 mM Ca++ were compared 
Sing Student t test: ", p < 0.01. 
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Figure 3. UVB irradiation increases the amounts of diacylglycerols. Kerati-
nocytes were exposed to UVB irradiation and the amounts of diacylglycerols 
were measured at the time points indicated. The results were corrected for 
the amount of lipid phosphate, and they are expressed as percenta-ge of the 
control value at each of the time points. Error bars, (n = 5). Statistical signifi-
cances were calculated using Student t test: ", p < 0.01. 
(Fig 4). Following irradiation, the activity of DAG-kinase was also 
changed. As measured at 24 h after an exposure to 120 J I m 2 ofUVB 
irradiation, the activity ofDAG-kinase was increased (p < 0.001) in 
the membrane fraction, whereas it was decreased (p < 0.001) in the 
cytosolic fraction (Fig 4). 
To study whether irradiation results in specific breakdown of 
other major phospholipid subclasses, the keratinocytes were labeled 
with (14C]glycerol and irradiated. The phospholipids were analyzed 
using thin-layer chromatography and the major radiolabeled phos-
pholipid subclass was found to be phosphatidylcholine (Fig 5). 
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Figure 4. UVB irradiation changes the activity of diacylglycerol kinase. 
Murine keratinocytes were exposed to UVB irradiation and the activity of 
diacylglycerol kinase was measured at 24 h post-irradiation in the cytosol 
and membrane fractions as described in Materials atld Methods. The results 
have been expressed as percentage of the control value. The control values 
were 0.33 and 1.25 pmoljminjmg protein for the membrane and the cyto-
solic fractions, respectively. Statistical significances between the UV treat-
ments and the control group were calculated using Student t test: "', p < 
0.001. 
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Figure 5. Effects ofUVB irradiation on the distribution of[t4C] glycerol in 
major keratinocyte phospholipids. Keratinocytes were first labeled with 
[14C]glycerol and then exposed to UVB irradiation. The samples were ana-
lyzed at 24 h post-irradiation and phospholipids were separated using thin-
layer chromatography. The results have been expressed as percentage of 
radioactivity in phospholipids. The major phospholipid subclasses were 
found to be phosphatidylcholine (PC), phosphatidylinositol + phosphati-
dylserine (PI+PS), and phosphatidylethanolamine (PE). The results have 
been expressed as percentage of the control value; error bars, SEM of triplicate 
measurements. Statistical evaluation between UV -treated and control 
groups were cal~ulated using Student t test: ", p < 0.01, "', P < 0.001. 
UVB doses up to 120 J/m2 did not affect the distribution of radioac-
tivity in the radiolabeled phospholipids. At 240 J/m2 there was a 
decrease in radioactivity associated with phosphatidylcholine and 
an increase in the PI+PS fraction, but as this dose is associated with 
toxicity, the results may not be functionally relevant. When kerati-
nocytes were labeled with (3H]choline and irradiated, no changes 
could be detected in the amount of radioactivity released into the 
culture medium at any dose tested (Fig 6). 
DISCUSSION 
Previously, UV irradiation has been shown to activate phospholi-
pase A catalyzed reactions, and phosphatidylcholine - phos-
pholipase C (PC-PLC) in human keratinocytes [4,6,10]. UV irra-
diation has also been reported to decrease the activity of 
phosphatidylinositol- phospholipase C in melanoma cells [30]. The 
present study indicates that UV radiation, at doses compatible with 
cell viability, does not induce any sustained changes in the forma-
tion of inositol phosphates in murine keratinocytes but increases 
intracellular diacylglycerol levels. These results suggest that irra-
diation does not cause a sustained alteration in PI-specific phospho-
lipase C activities in murine keratinocytes. However, we cannot 
exclude a transient effect on inositol phosphate formation because 
the shortest time point studied was 0.5 h. An elevation in extracel-
lular calcium induces terminal differentiation of keratinocytes, 
which is accompanied by sustained increased formation of inositol 
phosphates [17]. Both the UV irradiated and unirradiated keratino-
cytes responded to elevated extracellular calcium by increased for-
mation of inositol phosphates, indicating that UV irradiation does 
not block the inositol phosphate signaling system for other effec-
tors. 
The cellular content of diacylglycerols was found to be increased 
following UV exposure as a dose-dependent function. DAG can 
regulate the activity of protein kinase C [16], and the subcellular 
distribution of DAG may influence the cellular responses 
[13,31,32] . In this study, the increased amounts of diacylglycerols 
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were accompanied by changed subcellular localization of diacylglyc-
erol kinase (DAG-kinase), an enzyme that converts diacylglycerols 
into phosphatidic acid. Irradiation caused total activity of the cyro-
solie DAG-kinase to decrease, whereas that in the membrane frac-
tion increased. Previously, translocation of DAG-kinase has been 
linked to increases in substrate concentration and to activation of 
protein kinase C [33]. Because DAG-kinase activity is a major deter-
minant of DAG content in cells [33,34], translocation could cause 
redistribution of DAG within the cell. Furthermore, the product of 
DAG-kinase activity, phosphatidic acid, may also have important 
biologic activity [35]. Translocation of DAG-kinase to membranes 
has been seen previously in a human epidermal carcinoma cell hne 
following stimulation with exogenous phospholipase C enzyrne, 
which was used to increase intracellular DAG [29]. In exocnne 
guinea pig parotid gland lobules, elevated DAG has been associated 
with increased DAG-kinase activity both in the cytosolic and in thd 
microsomal fractions [36] and both DAG and phorbol esters cause 
DAG-kinase translocation in Swiss 3T3 fibroblasts [33]. 
In both keratinocytes and in fibroblasts, UV irradiation and T~A 
induce common changes in expression of several genes including 
ornithine decarboxylase, c-fos, c-jun, and spr2 [37 -40]. Further-
more, exogenously added diacylglycerols mimic the effects ofT~A 
in keratinocytes [40-43]. Thus, some of the phorbol ester- hke 
changes produced by UV could be mediated through an increase tn 
DAG. Because the DAG increase is delayed after UVB irradiatlon, 
some differences in timecourse might be expected for the PKC-rne-
diated responses activated by phorbol esters or UVB generated dia-
cylglycerol. This has been documented for ODC induction. Both In 
vivo and in vitro, ODC induced by UV irradiation is maximal at 
24 h whereas the TPA and exogenously added DAG response IS 
maximal at 4-6 h [43 -47]. Both inducers appear to act via induC-
tion of ODC mRNA synthesis, further supporting a common path-
way for phorbol esters and UV irradiation [40,48]. f 
Diacylglycerols can be produced as a result of breakdown 0 
membrane lipids or through de novo synthesis. Our studies did not 
reveal changes in phospholipid turnover at non-toxic UV doses. 
Doses that caused changes in radiolabeled phospholipids were 
higher than those that caused changes in DAG-kinase. Earlier studJ ies indicated that a 400 J/m2 dose of UVB irradiation stimulate 
turnover of phosphatidylcholine in human keratinocytes [10]. HoW-
ever, we did not detect changes in release of (3H]choline or change! 
in the distribution of [14CJglycerol in phospholipids at non-letha 
200 ,--------------------------------
o 
b 
<: 
o 
<.> 
-
175 
150 
o 125 
~ 
"t:I 100 
II) 
.. 
.., 
"* 75 
... 
C 50 
:> 
o 
~ 25 
o CONTROL 
~ 20 J/m 2 
0.5 h 
• 120 J/m 2 
lSl 240 J/m2 
8 h 24 h 
. e 
Figure 6. Effects of UVB irradiation on release of [3H]choline. Mu~!1!1 
keratinocytes were prelabeled with [3HJcholine, washed with PBS, and t 1~5 
exposed to UVB irradiation. At the time points indicated, 100 Jll sartle (s 
were taken from the culture medium for scintillation counting. Error a I 
SEM of the measurements (n = 4). 
VOL. 99, NO.2 AUGUST 1992 
doses (up to 120 J/m2). Only the 240-J/m2 dose ofUVB irradiation 
reduced [14CJglycerol labeling of phosphatidylcholine, suggesting 
that this dose stimulated breakdown of phosphatidylcholine. Even 
though this high dose of UVB irradiation caused changes in the 
turnover of [14CJglycerol labeled phosphatidylcholine, the release 
of [3H]choline into the culture medium was not significantly 
changed. Apparently, the [3H]choline liberated following UV expo-
sur~ is effectively taken up by the keratinocytes, and this uptake 
mallltains the amounts of radioactivity released into the culture 
medium at basal levels even after relatively high doses of UV irra-
diatIOn. Our results suggest that, in murine keratinocytes, stimula-
tion of phosphatidylcholine turnover by high doses ofUVB irradia-
tion is related to the cytotoxic effects of UVB irradiation on 
cultured cells. 
Given that diacylglycerols are of importance in the regulation of 
protem kinase C, the present study suggests that some of the effects 
of UV irradiation on keratinocytes could be mediated through 
changes in the cellular level of diacylglycerols and the distribution 
ofDAG-kinase. Protein kinase C is known to be a potent regulator 
of keratinocyte function [19]. In analogy to the potent action of 
phorbol esters on skin, this action ofuV irradiation on keratinocyte 
DAG could contribute to the tumor-promoting and inflammatory 
effects of UV irradiation. Exogenous DAG is a potent tumor pro-
mOter for mouse skin [43] . 
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